A nterior lumbar interbody fusion (ALIF) is a wellaccepted technique to address severe discogenic pain and low-grade spondylolisthesis.
The use of recombinant human bone morphogenetic protein-2 (rhBMP-2) in ALIF obviates the need for iliac crest bone graft (ICBG) harvest and enhances fusion status. 12 A number of serious adverse effects have been associated with rhBMP-2, including bone resorption with cage migration or subsidence, local inflammation with seromas, ectopic bone formation, radiculitis, and infection. 4, 14, 50 Carragee et al. 15 have suggested that, although RE after ALIF has typically been associated with the anterior approach, it may instead be attributed to the use of rhBMP-2. They reported a significantly higher rate of RE in patients who underwent ALIF with rhBMP-2 compared with those who received autograft. The use of rh-BMP-2 in ALIF is also controversial given the concerns regarding cost. 16 In this study we aimed to assess the complication rates of performing ALIF with rhBMP-2.
Methods
Between 2009 and 2012 we undertook a prospective study of consecutive patients who underwent ALIF performed by a single spine surgeon (G.M.M.) and a single vascular surgeon (M.H.C.). Indications for surgery were severe discogenic pain, radiculopathy, and Grade 1 and 2 degenerative and isthmic spondylolisthesis. Exclusion criteria were current smoking, greater than 2-level disc disease, Grade 3 or 4 spondylolisthesis, significant iliac artery disease (heavy calcification and aneurysmal and severe stenosing atherosclerotic disease), morbid obesity, previous complex/extensive retroperitoneal surgery, and abdominal/pelvic radiotherapy.
Preoperative clinical data, operative details, postoperative complications, and clinical and radiographic outcomes were recorded by an independent research assistant (R.M.P.). Complications of the ALIF surgery were reported by an independent physician (F.Y.C.) and were classified as minor and major (based on the classification from Jarrett et al. 26 ). Male patients were screened regarding sexual dysfunction (Table 1) , and those of child-producing age were offered preoperative sperm storage. The sexual dysfunction and RE screening questionnaire was approved by an independent urologist from a different institution. Specific comorbidities associated with RE, including diabetes, hypertension, vascular disease requiring treatment, prostate disease requiring treatment, and medication for depression, were documented. Patient assessments were completed preoperatively, during hospitalization, and postoperatively at 6 weeks and at 6, 9, 12, and 24 months. Patients were assessed preoperatively by the spine surgeon (G.M.M.), vascular surgeon (M.H.C.), and an independent physician (N.J.E.). Patients underwent a preoperative abdominal duplex ultrasound scan of the abdominal and iliac major vessels to exclude vascular anomalies, severe atheromatous disease, and calcification. During hospitalization, patients were assessed by an independent physician (F.Y.C.). At each postoperative follow-up interval, patients were queried regarding adverse outcomes by both the spine surgeon (G.M.M.) and independent physician (N.J.E.), in separate interviews. Male patients were specifically queried regarding the presence of possible RE (diminished or absent ejaculate or orgasm) using a sexual dysfunction and RE screening questionnaire (Table 1 A right lower Rutherford-Morrison transverse incision with a right-sided retroperitoneal approach was used to access the L5-S1 level. A midline lower abdominal incision with a left-sided retroperitoneal approach was used when access to the L4-5 level or multiple levels was necessary.
The Omni-Tract (Omni-Tract Surgical) wish bonestyle table-mounted abdominal retractor was used to facilitate access; this was combined with the use of vessel retraction pins driven into the vertebral bodies to restrain iliac vessels. For the L4-5 level, the left common iliac vein was extensively mobilized, and the left ascending lumbar vein was usually prophylactically dissected out, ligated in continuity, and divided. This was done to prevent a tearing injury to the common iliac vein due to traction on the ascending lumbar vein, potentially causing significant blood loss. The cell saver (5+ autologous blood recovery system, Haemonetics Corp.) was used in all cases. A pulse oximeter was placed on the great toes bilaterally; the presence of a signal and its amplitude was monitored. Unfractionated heparin (heparin sulfate, Baxter) was administered if the pulse oximeter signal was severely dampened or lost. The heparin was reversed with protamine sulfate (Sigma-Aldrich, Inc.) after the retractors were loosened and the signals restored. Hemostasis All patients received a single separate impacted polyetheretherketone (PEEK) cage (Perimeter, Medtronic, Inc.) filled with rhBMP-2 applied to an absorbable collagen sponge (INFUSE, Medtronic, Inc.) per level. The rhBMP-2 was prepared at a fixed concentration of 1.5 mg/ml, with the absorbable collagen sponge trimmed to the required cage volume. The rhBMP-2 dose is volume dependent (i.e., the internal graft volume of the cage equaled the rhBMP-2 volume in milliliters). 7 No rhBMP-2 was placed outside the cage. An anterior titanium buttress plate (Pyramid, Medtronic, Inc.) fixed the cage using a multiawl technique performed free hand for self-tapping screw placement. The anterior plate was triangular with 3 bone screws at L5-S1 and rectangular with 4 screws at L4-5. The anterior plate and screws were then secured with a final plate cover (Fig.  1) . A layer of SURGICEL (Ethicon, Inc.) was then placed over the ALIF construct. A hybrid construct comprised an artificial disc replacement (A-MAV, Medtronic, Inc.) at L4-5 combined with an ALIF at L5-S1. The artificial disc replacement was performed at L4-5 for L4-5 discogenic pain without facet arthropathy; however, if facet arthropathy was present, an L4-5 ALIF was undertaken.
Supplemental posterior fixation was indicated for patients with Grade 2 isthmic spondylolisthesis and reduced bone density (T score < -2.5).
Postoperatively patients were allowed nothing by mouth for 24 hours until the return of bowel sounds and flatus. They had movement restriction including no bending, twisting, or driving for 4 weeks. External bracing was only used for 2-level ALIF.
Venous thromboembolic prophylaxis was always used intraoperatively with intermittent pneumatic calf compressions and thromboembolic deterrent stockings (Covidien) and postoperatively with thromboembolic deterrent stockings (Enoxaparine, Clexane, Sanofi-Aventis) and early mobilization. In patients thought to be at higher risk of deep venous thrombosis (DVT), intermittent pneumatic compression devices were also used postoperatively.
Lumbar CT scans were obtained using a high-definition (HD) CT scanner (Somatom Definition Flash, Siemens AG), by an independent radiologist (C.M.B.) 2 days postoperatively to assess instrumentation and then at 6, 9, and 12 months until solid interbody fusion was confirmed on coronal and sagittal views. Fusion was defined as the presence of bridging interbody trabecular bone (Fig. 2) . 48 Statistical analysis was carried out using IBM SPSS 
Results
The cohort consisted of 131 patients with a mean age of 45.3 years (range 23-70 years). There were 67 men (51.1%) and 64 women (48.9%). The mean body mass index was 26.7 (range 18.8-37.1). Twelve patients (9.2%) were smokers. All 12 patients stopped smoking a minimum of 3 months preoperatively and had not resumed smoking at last follow-up. Three patients (2.3%) had diabetes, 10 (7.6%) had treated hypertension, and 5 (3.8%) had treated depression. Nineteen patients (14.5%) had prior lumbar surgery. Indications for surgery were discogenic pain in 90 patients (68.7%), radiculopathy in 23 (17.6%), degenerative spondylolisthesis in 9 (6.9%), and isthmic spondylolisthesis in 9 (6.9%). Of the 131 patients, 45 (34.4%) had a hybrid construct, 9 (6.9%) had an ALIF at L4-5, 72 (55.0%) had an ALIF at L5-S1, and 5 (3.8%) had a 2-level ALIF at L4-5 and L5-S1. The mean cage size used was 10 mm (range 8-14 mm) × 8° (range 8°-12°) with an internal graft volume of 2.13 cm 3 (1.68-3.04 cm 3 ), which corresponded to a 3.20-mg (2.52-to 4.56-mg) dose of rhBMP-2 in the cage. The mean estimated blood loss (EBL) per single ALIF level was 115 ml (range 10-900 ml) and in hybrid procedures it was 426 ml (range 50-1550 ml). The median patient follow-up was 12 months (6-24 months). A summary of the patient demographic and treatment information is provided in Table 2 .
The overall complication rate was 19.1% (25 of 131), and complications were divided into minor and major (Table 3) . Seventeen patients (13.0%) experienced a minor complication. Four patients had a superficial wound infection (3 after lower midline incisions for hybrid procedures and 1 after a transverse incision for an L5-S1 ALIF). Wound cultures from these 4 patients grew staphylococci species, and all infections were successfully treated with oral antibiotics (flucloxacillin and clindamycin). No deep wound infections occurred. Four patients had a small bowel ileus (2 after an L4-5 ALIF, 1 after an L5-S1 ALIF, and 1 after a hybrid procedure). All 4 cases of ileus resolved within 72 hours. Sympathetic chain injury occurred in 3 female patients who had undergone hybrid procedures; these vasomotor changes resolved after 6 months. Three patients had atelectasis (2 after an L5-S1 ALIF and 1 after a hybrid procedure) treated with chest physical therapy. Hematomas occurred in 2 patients after an ALIF (1 left retroperitoneal [L5-S1 ALIF] and 1 left abdominal wall hematoma [L4-5 and L5-S1 ALIF]); both were managed conservatively. A urinary tract infection (UTI) occurred in 1 patient after ALIF at L4-5 and L5-S1 and was treated with oral antibiotics.
Eight patients (6.1%) experienced a major complication. Two patients early in our series had prolonged pseudo-obstruction of the colon: 1 after an L5-S1 ALIF and 1 after a hybrid procedure; both complications resolved within 96 hours after complete bowel rest with intravenous fluids. No bowel injury or ureter damage occurred. Two patients had bilateral pleural effusions after an L5-S1 ALIF that resolved without intercostal drain insertion. Aspiration pneumonia occurred in 1 patient after an L5-S1 ALIF; this was treated in ICU without ventilation and with intravenous antibiotics followed by oral antibiotics. One female patient had a major proximal left iliac DVT after a hybrid procedure. This was treated suc- cessfully with a heparin infusion followed by 3 months of oral anticoagulation therapy. No significant vascular access injury occurred (defined as blood loss > 150 ml from a single major vessel injury). The main source of intraoperative blood loss was from epidural and median sacral vessels with the lumbosacral dissection. No patient required a blood transfusion. There was 1 case of RE after an L5-S1 ALIF. The patient did not have any comorbidities that predisposed him to RE. The symptoms had not fully resolved at 12 months postoperatively. No prosthesis failure occurred using the PEEK interbody cage with a separate anterior screw-plate. However, 1 woman with a hybrid construct had an anterior dislocation of the A-MAV prosthesis. The A-MAV prosthesis was removed with the assistance of the vascular surgeon, and an L4-5 ALIF was performed. There were no deaths in our series.
There was no significant difference between the number of complications experienced by the ALIF or hybrid patients (p = 0.3490). The overall fusion rate (ALIF and hybrid patients) confirmed on HD CT coronal and sagittal views improved from 76.3% at 6 months, to 92.4% at 9 months, and to 96.9% at 12 months. Solid interbody fusion is demonstrated in Fig. 2 . Table 4 presents the fusion rates for the ALIF and hybrid patients; there is no significant difference between the patient groups, with all p values > 0.05. Overall mean back and leg pain improved from VAS scores of 6.4 to 2.6 and 5.7 to 2.2, representing 57.2% and 61.8% improvements, respectively. The mean ODI improved from 50.5 to 24.0 (54.3%), and the PCS and MCS improved 41.7% (from a mean score of 32.7 to 46.1) and 21.3% (from a mean score of 40.2 to 48.4), respectively. All outcome measures had a statistically significant improvement from baseline (p < 0.0001). The outcomes measures for the ALIF and hybrid patients are provided in Table 5 ; there was no significant difference between the patient groups, with all p values > 0.05.
The cost of the ALIF construct in Australian dollars totaled approximately $10,500 ($10,405-10,605) per level. 2 This comprised a PEEK cage ($3600), anterior plate ($2200), 3 (for L5-S1) or 4 (for L4-5) bone screws ($600 or $800), the plate cover ($805), and a small rhBMP-2 kit ($3200).
Discussion
Anterior lumbar procedures preserve the posterior paravertebral muscles and ligaments and allow for increased exposure of the anterior spinal column and greater distraction of the disc space. This permits the placement of wide footprint interbody devices and correction of deformity. 44 The overall complication rate for anterior spine exposure has been reported to be as high as 40%. 21, 34 During exposure and mobilization of the iliac vessels, there is a risk of bleeding, thrombosis, and embolization of arterial plaque. Nonvascular complications include injury to the bowel, neural, and genitourinary structures. Incisional complications also occur, including skin infection, herniation, and seroma formation. 23 In male patients, injury to the SHP can cause RE. The mechanism of this injury is thought to be a disruption of the SHP in the retroperitoneal space around the level of the bifurcation of the aorta and the lumbosacral junction. 15 The reported incidence of RE varies widely in the literature (0%-45%). 6, 27 The rate of RE may vary according to transperitoneal versus retroperitoneal approach, technical expertise, and concomitant pathology. 15 Implant choice may be a factor with higher rates of RE reported using paired threaded cages versus impacted cages. 10 The use of rhBMP-2 has been associated with various adverse events including soft-tissue swelling, osteolysis, radiculitis, ectopic bone formation, pseudarthrosis, wound infections, prosthesis complications, DVT, and RE. 50 Higher rates of RE have been reported in ALIF patients given rhBMP-2 compared with control groups not given rhBMP-2. 15, 17 It is postulated that since rhBMP-2 can have an inflammatory effect on soft tissue, large doses could disrupt the function of the SHP, resulting in RE. 29 Our total perioperative complication rate was 19.1% (25 of 131), with 17 patients (13.0%) experiencing minor complications and 8 patients (6.1%) experiencing major complications. Jarrett et al. 26 compared the incidence 40 compared 57 patients who underwent exposure of the anterior spine with the assistance of an access surgeon and 39 who underwent the surgery performed solely by the spine surgeon. The authors found a significantly larger number of complications in patients from the access surgeon group (82%) compared with the spine surgeon group (28%). However, there was a concern that "selective recruitment" may occur with difficult exposures being referred to the vascular surgeon. 26 Four patients (3.1%) developed superficial wound infections. All infections were successfully treated with oral antibiotics in the early postoperative phase. No deep wound infections occurred. In large ALIF series the rates of superficial wound infection have been reported to range from 0.4% to 3%. 8, 26 Deep wound infections in ALIF are rare. 8 This contrasts with reports that the use of rhBMP-2 in ALIF is associated with a 3 times greater rate of delayed infection and a 5 times greater rate of deep wound infections. 14, 49 A UTI occurred in 1 patient (0.8%) and was successfully treated with oral antibiotics. UTI was the most common postoperative complication reported by Anderson et al., 1 with a rate of 1.7%. Comer et al. 17 also reported a similar overall rate of UTI (1.9%).
Aggressive venous thromboembolic prophylaxis was used intraoperatively and postoperatively because of the reported high risk of DVT with anterior lumbar surgery. 8, 32 Our single episode of a major proximal iliac DVT occurred after a hybrid procedure in a 35-year-old woman with severe rheumatoid arthritis. The left lower-extremity swelling and pain resulted in additional hospitalization for 2 weeks for heparin infusion and leg elevation. After 3 months of oral warfarin (Coumadin) her symptoms and signs had resolved. Brau 8 reported a 1% rate of DVT, while Piasecki et al. 32 reported a 9.1% rate of DVT and a 7.6% rate of pulmonary embolism. No patient in our series developed clinical pulmonary emboli.
Our mean EBL, per single level, was 115 ml for ALIF and 426 ml for hybrid procedures. The reported mean EBL using a vascular surgeon to perform the exposure portion of the operation varies in the literature, with Garg et al. 23 and Smith et al. 40 reporting 143 ml and 257 ml, respectively.
Vascular injury in anterior exposures has a reported rate of 1.9%-6.1%. 9, 23 There were no significant venous or arterial injuries in our series. The most common venous structures injured during anterior exposure are the left common iliac vein, inferior vena cava, and ascending iliolumbar vein. The likelihood of an injury to these structures is increased in the presence of reactive inflammatory changes that cause the vessels to adhere to adjacent structures, such as anterior osteophyte formation and scarring from previous anterior surgery. The reported incidence of major venous injury is low. 18 Fantini et al. 22 reported an incidence of 2.9%. In each case the vessels were entrapped in dense inflammatory tissue, making mobilization difficult. Brau et al. 9 reported venous injury in 1.4% of cases in which an access surgeon assisted. The L4-5 level appears to have the highest risk for venous injury. Seventeen of the 19 venous injuries in the series of Brau et al. occurred at the L4-5 level. In a study by Hamdan et al., 25 83% of venous injuries involved exposure of L4-5 compared with only a 5.1% incidence at L5-S1. Intraoperative vascular injury has been reported by Sasso et al. 36 and Jarrett et al. 26 as being 2-5 times higher at L4-5 than at L5-S1. In agreement with Brau et al., 9 we routinely used a left retroperitoneal approach to L4-5, with extensive mobilization of the left common iliac vein. The left ascending lumbar vein was always sacrificed prophylactically to prevent traction injury to the left common iliac vein during dissection.
Arterial injuries are less common. The healthy abdominal aorta and iliac artery are more accessible and more robust than their venous counterparts and are more tolerant of the required retraction. Furthermore, they have fewer branches tethering them to the paravertebral musculature. The veins are partially hidden by the arteries and are thin walled with more tributaries that promote tethering and tearing. 18 Brau et al. 9 reported an arterial thrombosis rate of 0.45%, all of these involved the left iliac artery for an L4-5 approach. Additionally, there is a 3 times greater risk of vascular injury with multiple-level exposures (9%) versus single-level exposures (3%). 23, 26 Ureter and bowel injuries are rare complications of ALIF. 8 Sasso et al. 36 reported 1 (0.4%) intraoperative ureter avulsion during a threaded cage implantation. Kang et 28 reported 1 case (0.2%) of bowel injury in a series of 412 cases; this patient was the only patient in their series who had undergone previous abdominal surgery. There were no ureter or bowel injuries in our series. Both the ureter and bowel were carefully identified and protected during retroperitoneal exposure and again inspected before closure. However, 4 patients (3.1%) in our series developed ileus, but all cases resolved within 72 hours. Postoperative ileus is more likely after transperitoneal procedures than after retroperitoneal procedures. Ileus is often associated with extensive procedures, significant fluid shifts, retroperitoneal hematoma, and multiple previous abdominal surgeries. 18 Ileus was the most common complication reported by Smith et al., 40 occurring in 58% of patients. The authors defined ileus as prolonged abdominal distension, with absent bowel sounds, and radiographic evidence of dilated bowel. Kang et al. 28 reported on 5 patients (1.2%) who developed prolonged ileus (lasting > 3 days) postoperatively. Two patients underwent multilevel ALIF, 1 had previous abdominal surgery, and the remaining 2 had evidence of retroperitoneal hematoma on CT scanning. Two patients (1.5%) early in our series had prolonged pseudo-obstruction after oral intake was prematurely commenced within 24 hours postoperatively. Our patients now are not allowed anything by mouth for 24 hours; once bowel sounds and flatus have returned, we progressively introduce clear fluids, free fluids, and trial of a light diet. If a patient reports abdominal discomfort, distension, or reduction/loss of bowel sounds they are again refused anything by mouth until these signs resolve.
Three (2.3%) of our female patients with hybrid constructs had a unilateral sympathetic chain injury, despite the fact that we carefully identified the chain and avoided excessive lateral dissection during the discectomy and prosthesis implantation. Patients were noted in recovery to have a "warm" ipsilateral left leg and a "cold" contralateral right leg with normal peripheral pulses. Kang et al. 28 reported sympathetic dysfunction in 6.1% of patients; this was the leading postoperative complication in their series. Nineteen instances occurred on the side of the approach, and 6 were bilateral.
In our series RE occurred in 1 of 67 male patients (1.5%). The rates of RE after anterior lumbar surgery vary widely in the literature. Birch and Shaw 6 and Edgard-Rosa et al. 20 reported no cases of RE. Brau 8 and Sasso et al. 36 reported a 0.1% and 1.7% rate of RE, respectively, whereas Kaiser et al. 27 reported a 45% incidence of RE after a laparoscopic approach to the lumbar spine. Higher rates of RE have been reported in ALIF patients with rhBMP-2 compared with control groups without rhBMP-2.
15,17 The multicenter, prospective, randomized FDA-approved study found a 7.9% rate (11 of 140) of RE in patients given rhBMP-2 versus 1.4% (1 of 140) in a control group. 46 Burkus et al. 10 conducted a meta-analysis of 5 prospective, randomized, FDA-approved trials assessing the risk of RE following single-level anterior lumbar surgery with or without rhBMP-2. RE was reported in 3.4% of patients (7 of 207) who received rhBMP-2 compared with 1.7% (5 of 301) who underwent autograft or lumbar disc treatment. Carragee et al. 15 also compared the incidence of RE in patients after ALIF who were treated with and without rhBMP-2. They reported a 7.2% incidence of RE (5 of 69) in those treated with rhBMP-2 compared with 0.6% (1 of 174) treated with autograft. Thus, it was concluded that the use of rhBMP-2 in lumbosacral ALIF is associated with an increased risk of RE. Since rhBMP-2 can have an inflammatory effect on soft tissue, it is feasible that large doses could disrupt the function of the SHP and inhibit the contraction of the internal vesicle sphincter, resulting in RE. 29 All patients in our series were given an rhBMP-2 dose based on the internal cage volume used as per Boden et al. 7 Our mean of a 3.2-mg rhBMP-2 dose per level compares to the 4.2-mg rhBMP-2 dose per level used by Carragee et al. 15 The surgical approach in anterior lumbar surgery and target disc level significantly influences the risk for RE. Lindley et al. 29 reported similar rates of RE in 54 patients who underwent ALIF with rhBMP-2 and 41 patients treated with artificial disc replacement (7.4% vs. 9.8%, respectively). Lubelski et al. 31 also found the use of rhBMP-2 in ALIF was not associated with an increased incidence of RE. These results suggest that the retroperitoneal approach rather than the use of rhBMP-2 may be responsible for RE.
Retrograde ejaculation arises from damage to the SHP as the plexus crosses the lumbosacral junction in the retroperitoneal space. The plexus lies left of the midline, overlying the left common iliac artery, 30 and supplies the internal vesical sphincter, which is a small muscle at the base of the bladder. RE results from the inability of this sphincter to contract during ejaculation. 41 A transperitoneal approach has a 4-10 times greater risk of being associated with RE than a retroperitoneal dissection. 9, 10, 12, 23, 37 The L4-5 disc has similar rates of RE compared with the L5-S1 disc, irrespective of approach. Additionally, Jarrett et al. 26 and Carragee et al. 15 found no difference in the rates of RE between multiple-level exposures compared with single-level exposures.
Siddiqui et al. 39 found that preoperative sexual dysfunction occurred in one-third of males younger than 50 years. Male patients undergoing surgery for nonfracturerelated lumbar disease were screened preoperatively for sexual dysfunction. They reported that preoperative sexual dysfunction did not improve postoperatively in this group. This emphasizes the need to screen male patients before and after anterior lumbar surgery for any sexual dysfunction, specifically RE. Our male patients are screened pre-and postoperatively, by both the spine surgeon and an independent physician, regarding RE. This is often not the case, with many studies relying on patients to postoperatively self-report RE. 10 A recent study by Tepper et al. 43 suggested that the use of a questionnaire tends to overestimate the incidence of RE compared with a quantitative semen and urine analysis.
Preventative measures to minimize the risk of RE include increased surgeon experience, avoiding the transperitoneal approach, avoiding excessive dissection and monopolar electrocautery anterior to the aorta and iliac arteries, and using a right-sided approach for the L5-S1 level when possible to avoid dissection around the left common iliac artery and the overlying plexus. 6, 20 Care with the delivery method of rhBMP-2 is essential, ensur-ing it is present only within the cage and is contained by a surgical barrier. This additional step protects the immediately ventral SHP from rhBMP-2 exposure. 29 The difference in RE rates appears not to be related to rhBMP-2 but is more likely dependent on the exposure technique.
In our series no prosthesis failure occurred with the PEEK interbody cage and a separate anterior screw-plate. Specifically, there was no screw loosening or breakage and no cage subsidence or migration. Biomechanical testing has demonstrated this construct to be extremely robust and superior to a stand-alone cage and comparable to an anterior cage with pedicle screw-rods. There is no significant difference in the amount by which either the anterior screw-plate or posterior pedicle screw-rods limit flexion, extension, axial rotation, or anteroposterior shear; however, pedicle screw-rods are able to better restrict lateral bending. 24, 45 An alternative ALIF construct is a PEEK cage with an integrated anterior plate that has diverging locking screws that penetrate the cortical endplate. 3, 13, 42 The integrated cage and plate provides similar increased stiffness in all loading directions compared with the cage and separate plate. Flexion loading is resisted by the PEEK cage, while the extension load is limited by the anterior screwplate component. 38 PEEK cages are inert and have high resistance to load, and, being more elastic than titanium, have a reduced risk of subsidence. However, when using an integrated cage containing rhBMP-2 there is a risk of the rhBMP-2 tracking along the cortical screws and causing endplate softening. This is of particular concern in the first 4-6 weeks postoperatively during the rhBMP-2-induced osteoclastic initial inflammatory response and resorption phase prior to osteoblastic bone formation and consolidation; this can result in cage subsidence and screw loosening. 47 There were no hardware complications with the cage and separate anterior plate in our series of 9 patients with Grade 1 isthmic spondylolisthesis. All 9 patients had successful fusion 12 months postoperatively. It has been reported that the integrated cage is contraindicated in bilateral spondylolysis and/or isthmic spondylolisthesis. It is postulated that the integrated cage does not provide sufficient mechanical strength to compensate for the additional posterior instability. 42 Both the cage with separate anterior screw-plate or integrated anterior plate avoid the need for posterior pedicle screw-rod fixation. Transpedicular fixation is associated with damage to paraspinal muscles, epidural scarring, screw-related nerve root or vascular complications, and denervation of superior facet joints leading to an increased rate of adjacent-segment degeneration.
12,42
The use of rhBMP-2 in ALIF simplifies the procedure by eliminating the need for autologous ICBG harvest. This reduces operation time and length of hospital stay. 12, 42 We avoided the 5%-6% rate of anterior ICBGrelated complications, such as infection, fracture, hematoma, and lateral femoral cutaneous nerve injury, and the 20%-32% rate of patient-reported harvest site acute and chronic pain. 12, 19 High-definition CT scanning was used to confirm solid interbody fusion, with coronal and sagittal views providing the definitive view of bridging trabecular bone. 48 The overall fusion rate (ALIF and hybrid patients) in our series using rhBMP-2 was 96.9%, with only 4 patients not experiencing fusion at 12 months postoperatively. Two patients who underwent ALIF (a 38-year-old woman and a 51-year-old man) had locked pseudarthrosis at 12 months; both underwent a subsequent posterior instrumented fusion with rhBMP-2, with solid interbody and posterolateral fusion confirmed on CT at 6 months postoperatively. One patient with a hybrid construct (a 42-year-old woman) and 1 patient with ALIF (a 44-yearold man) had early bridging bone at 12 months; no further intervention was undertaken and an 18-month CT confirmed solid interbody fusion. This fusion rate was the same as the 12-month data reported by Burkus et al. (96.9%). 11 Once solid fusion is confirmed on CT scanning, no further scans are obtained because of concerns regarding cancer risk from radiation exposure. The risk ratio for inducing cancer from a CT scan of the whole lumbar spine is 1 in 3200, with an estimated effective dose of 5.6 mSv. We only obtain whole lumbar spine scans preoperatively; all postoperative CT scans are performed from L-4 to S-1, which lowers the risk ratio to 1 in 5200 with an estimated effective dose of 3.5 mSv. 35 Since our fusion rates of performing ALIF with rhBMP-2 were 76.3% (100 of 131 patients) at 6 months, only 23.7% of patients had a 9-month scan, 7.6% had a 12-month scan, and 3.1% required an 18-month scan.
The limitations of this study include the relatively small sample size compared with multicenter studies. We were unable to compare the complication rates of performing ALIF without rhBMP-2 as it is standard practice to use rhBMP-2 in our ALIF procedures. The strengths of this study involve a consistent surgical technique using a single spine surgeon and single vascular surgeon. Patient assessments were completed pre-and postoperatively by the spine surgeon, vascular surgeon, 2 independent physicians, and an independent research assistant.
Conclusions
Anterior lumbar interbody fusion performed by a vascular access surgeon and a spine surgeon, using a separate cage filled with rhBMP-2 and anterior screw-plate, provides a very robust and reliable construct with low complication rates, high fusion rates, positive clinical outcomes, and is cost-effective. We did not experience the high rates of RE reported by other authors using rhBMP-2.
